In summary, slt-1::GFP expression in embryos sug-6C and 6D), then turns and grows anteriorly. sax-3 acts cell autonomously in AVM to affect its ventral guidance, gests a high anterior level of SLT-1, a moderate level in the tail (where the first SLT-1 expression in muscle so AVM should respond to SAX-3 ligands (Zallen et al., 1999). In 20%-70% of animals bearing myo-3::SLT-1 appears), and a low level in the center of the body. In larvae, slt-1::GFP expression in muscles suggests a high transgenes, the ventral guidance of AVM was defective, and the axon instead extended anteriorly or posteriorly dorsal to low ventral level of SLT-1 activity. Two cells near the midline express slt-1::GFP, the anal sphincter ( Figures 3C and 3D ). This defect suggests that the symmetric expression of SLT-1 in body wall muscles dismuscle at the left midline in the tail and the RIH neuron in the center of the head. rupts signals for ventral AVM axon guidance. The body wall muscles reside in four quadrants, and a musclefree lateral area exists between the dorsal and ventral Ectopic Expression of SLT-1 by Ventral Body Wall Muscles Disrupts AVM Axon Guidance muscle quadrants ( Figure 3E ). The AVM axons in myo-3::SLT-1 strains appear to be restricted to the lateral The asymmetric expression of slt-1::GFP in dorsal muscles suggested that repulsion from SLT-1 could direct area and excluded from muscle quadrants, consistent with a repulsive role for SLT-1. axons ventrally, accounting for the ventral guidance de- If the phenotypes of SLT-1 misexpression are medirior guidance. About 10%-35% of all axons extended posteriorly instead of anteriorly from the AVM cell body ated through the SAX-3 receptor, sax-3; myo-3::SLT-1 double mutants should resemble sax-3 alone, but if ( Figures 3D and 3F ). Body wall muscles in the head are more densely packed than in posterior regions, so SLT-1 has functions that are not mediated by SAX-3, a sax-3; myo-3::SLT-1 strain could exhibit stronger deubiquitous muscle expression of myo-3::SLT-1 may generate more repulsive SLT-1 activity anterior to the fects than sax-3 mutants. All sax-3; myo-3::SLT-1 strains were indistinguishable from sax-3 alone, even when the AVM neuron ( Figure 3E ). In addition, the cell body of AVM is just posterior to the pharynx, which expresses defect in the initial myo-3::SLT-1-expressing strain was stronger than the defect in sax-3 ( Figure 3F ). These reslt-1::GFP ( Figure 2E ). We suggest that the combination of endogenous SLT-1 from the pharynx and increased sults are consistent with SLT-1 acting primarily as a ligand for SAX-3.
SLT-1 expression from myo-3::SLT-1 make the anterior region nonpermissive for AVM axon outgrowth. Results In sax-3 mutants, axons that fail in their ventral trajectory invariably extended anteriorly to the nerve ring, sugconsistent with this interpretation were obtained by high-copy overexpression of slt-1 from a genomic clone. gesting that anterior-posterior guidance information is recognized even when dorsal-ventral information is lost Animals overexpressing slt-1 had defects in both anterior-posterior and dorsal-ventral guidance of the AVM ( Figure 3F ). In myo-3::SLT-1 animals, some misguided AVM axons had an unexpected defect in anterior-posteaxons, and anterior AVM axons sometimes terminated Two additional alleles of slt-1 were identified in a gerespectively, so these alleles present the opportunity to examine the function of the first two LRRs in SLT-1. netic screen for enhancers of the AVM ventral axon guidance defect of unc-40(ev547). Both lesions were G All slt-1 alleles except slt-1(tm307) were defective in AVM ventral guidance. Their AVM phenotype was similar to A transition mutations, as expected for EMS-induced mutations. slt-1(ev741) introduced a stop codon at nuto that of sax-3 mutants: the axon did not follow its normal ventral trajectory and instead extended antericleotide 26785 in C26G2 that truncated the protein at amino acid 295, at the beginning of the second LRR orly ( Figures 4A and 4B ). The four alleles with a disruption in ventral guidance exhibited defects of comparable ( Figure 1B ). slt-1(ev740) disrupted a splice donor site after the sixteenth exon in the slt-1 gene at nucleotide severity, consistent with the possibility that they represent the slt-1 loss-of-function phenotype ( Figure 4C ). 28755 in C26G2, corresponding to the linker region between the third and fourth LRRs ( Figure 1B) .
The slt-1(tm307) mutation that deleted the first LRR had no effect on AVM ventral guidance, but the slt-1(ok255) The slt-1(eh15) deletion allele and slt-1(ev741) premature stop allele disrupt all slt-1 domains except the first mutation that also affected the second LRR had a strong AVM ventral guidance defect. These results suggest that one or two LRRs. The slt-1(ev740) splice donor allele, slt-1(eh15), and slt-1(ev741) are predicted to destabilize the second LRR is essential for the repulsive effect of Slit on the AVM axon. Defects in AVM guidance in differthe slt-1 mRNA. These three alleles are the best candidate null or strong loss-of-function alleles in slt-1. The ent slt-1 mutants were all of similar severity and slightly more severe than those in the strong sax-3 mutant ky123 slt-1(tm307) deletion and the slt-1(ok255) deletion are predicted to disrupt only LRR-1 or only LRR-1 and LRR-2, ( Figure 4C ). The defect in AVM ventral guidance in slt- Amphid axon phenotypes were characterized using the str-1::GFP marker. Schematic drawings show the head of the animal. Anterior is to the left, dorsal at top. n ϭ number of neurons scored. To ask whether SLT-1 acts as a permissive or instructive cue for the migrating CAN neuron, we examined and Table 1 ). In contrast, 100% of AWB axons were normal in both slt-1(eh15) and slt-1(ok255) mutant ani-CAN position in slt-1 (ϩ); myo-3::SLT-1 animals. The myo-3::SLT-1 transgene is expressed in all body wall mals ( Figures 4H and 4I) . Axons of five additional classes of sensory neurons can be visualized directly by filling muscles along the anterior-posterior axis by midembryogenesis. In these myo-3::SLT-1 animals, CAN neuwith the fluorescent dye DiI. Up to 95% of sax-3 mutants have defects that are visible by DiI filling (Zallen et al., rons often stopped short or migrated beyond their normal position, suggesting that uniform SLT-1 expression 1999), but none of the five slt-1 mutants exhibited any defects that were visible by DiI filling (data not shown).
1(eh15)
can disrupt the anterior-posterior guidance of CAN (Figures 5E and 5F). The posterior CAN migration defects slt-1 and sax-3 mutants also differed in several other phenotypes. All sax-3 mutants have significant embryof myo-3::SLT-1 were almost completely suppressed by sax-3(lf) mutations, suggesting that they resulted from onic and larval lethality (up to 80%) (Zallen et al., 1999); only a low incidence of lethality was associated with any inappropriate activation of the SAX-3 receptor ( Figure  5F ). sax-3; myo-3::SLT-1 double mutants resembled of the five slt-1 alleles (data not shown). sax-3 mutants frequently have notched heads, but these were not ob- the nerve ring in a lateral position. Their defect was much greater than that predicted by additive effects The slt-1/sax-3 and unc-6/unc-40 Pathways Act of slt-1 and unc-6/unc-40, suggesting that virtually all in Parallel for AVM Ventral Guidance ventral guidance information was lost in the double muVentral AVM axon guidance is affected by mutations in tants. slt-1 and its receptor sax-3 and by mutations in unc-6 and its receptor unc-40. For all of these genes, the presumed null phenotype is a partially penetrant ventral slt-1 Has a Redundant Function in Nerve Ring Axon Guidance guidance defect, suggesting that multiple guidance pathways act in parallel to yield an accurate guidance
The nerve ring phenotypes of sax-3 mutants were far more severe than those of slt-1 mutants. To ask whether decision. Double mutant analysis suggests that slt-1 and sax-3 act in the same pathway for AVM ventral slt-1 has any function in the nerve ring, we examined double mutants between slt-1 and genes in the Netrin guidance, as the sax-3(ky123) slt-1(eh15) double mutant was no more defective than the (stronger) slt-1(eh15) (unc-6/unc-40) and Ephrin (vab-1) pathways, which enhance nerve ring defects in sax-3 mutants (Zallen et al., single mutant ( Figure 6A) . Similarly, unc-40; unc-6 double mutants are as defective as either single mutant 1999). unc-6 and unc-40 mutants have mild defects in the initial ventral guidance of AWB sensory axons and (Table 1) , whereas unc-6 and vab-1 mutants enhance the defects in sax-3 mutants (Zallen et al., 1999). The occasional premature axon termination within the nerve ring (Table 1 and Figure 7 ). unc-6 slt-1 double mutants absence of enhancement in sax-3 slt-1 mutants suggests that any effects of slt-1 in the nerve ring result had significantly more severe ventral guidance and termination defects than unc-6 single mutants (Table 1) . from its function as a sax-3 ligand. Similar but smaller effects were observed in unc-40; slt-1 double mutants. These results demonstrate that Discussion removing the UNC-6/UNC-40 pathway unmasks a minor role for SLT-1 in AWB ventral axon guidance and extenBased on its similarity to Drosophila and mammalian Slit proteins, C. elegans SLT-1 is a predicted ligand sion in the nerve ring.
VAB-1 is a C. elegans Eph receptor that is expressed in for the SAX-3 receptor in cell and axon guidance. This prediction was supported by our analysis of slt-1 gainneuroblasts and neurons, and vab-1 and sax-3 mutants share many phenotypes, including notched heads, reof-function and loss-of-function mutations, but detailed analysis of slt-1 function led to several informative and duced viability, inappropriate axon crossing at the midline, and defective ventral axon guidance in the amphid surprising results. First, slt-1 acts in many guidance decisions. Previous analysis of Slit function in Drosophila commissure (George et al., 1998; Zallen et al., 1999) ( Figure 7B ). In vab-1 mutants, AWB sensory axons were and mammals emphasized its role at midline structures, but C. elegans SLT-1 also functions in long-range dordefective in their initial ventral guidance, but the mutants did not have inappropriate anterior axons (Table 1) . In sal-ventral guidance and in anterior-posterior guidance. Second, when instructive dorsal-ventral cues are reslt-1; vab-1 double mutants, a fraction of animals had sax-3-like anterior axon phenotypes that were not obmoved, axons do not behave randomly but instead respond accurately to an underlying longitudinal pathway. served in either single mutant ( Figure 7D and Table 1 ). These results unmask roles for SLT-1 and VAB-1 in preThese results provide insight into the logic of axon guidance decisions. Third, some sax-3 functions may be venting anterior axon outgrowth in the nerve ring.
sax-3 slt-1 double mutants had nerve ring defects independent of slt-1. These functions could be ligand independent or there may be a second ligand for SAX-3. that were indistinguishable from those of sax-3 mutants slt-1, and sax-3 slt-1 mutants suggests a simple relationship between SLT-1, the repulsive ligand, and SAX-3, the receptor, in this guidance decision. We have not demonstrated binding of SLT-1 and SAX-3, but their similarity to the fly and vertebrate Slit and Robo proteins suggests that their interaction will be direct.
The AVM cell body is on the ventrolateral side of the animal and does not contact dorsal muscles directly, so these results suggest that AVM is repelled at a distance from SLT-1 expressed by dorsal body wall muscles. This model is supported by the effects of the myo-3::SLT-1 transgene, which shows that AVM axons avoid SLT-1 and that expression of SLT-1 in ventral muscles disrupts AVM guidance.
AVM ventral axon guidance can be fully accounted for by two parallel guidance cues: the repellent Slit, which acts through SAX-3/Robo to direct axons away from dorsal body wall muscles, and the attractant UNC-6/Netrin, which acts through UNC-40/DCC to attract them to the midline (Figures 6C and 6D To identify the mutations in these two slt-1 alleles, the open reading frame and splice junctions of the mutant alleles were PCR ampliSengupta, and the zdIs5 strain was kindly provided by Scott Clark. Some strains were provided by the Caenorhabditis Genetic Center.
fied from genomic DNA preparations of the mutant strains. PCR fragments were sequenced on both strands to identify the mutation and a separately amplified PCR fragment was sequenced on both cDNA Isolation strands to confirm the mutation. Three partial slt-1 cDNAs were isolated by screening a mixed-stage C. elegans cDNA library at high stringency with an RT-PCR product generated to the predicted sequence. One cDNA was sequenced Isolation and Sequencing of slt-1 Deletion Alleles in its entirety, and the rest were partially sequenced. The longest
The slt-1(ok255) in-frame deletion was isolated by PCR as described cDNA, clone 29a1, contained 2.5 kb of the slt-1 coding region which (Dernburg et al., 1998). Nested PCR primers directed against the 5Ј represented amino acid 331 to 1143 in the SLT-1 protein.
end of the slt-1 gene were used to screen a deletion library, and a The 5Ј end of the slt-1 coding region was identified by RT-PCR fragment containing a 2.2 kb deletion was identified in a pool of from wild-type N2 RNA using primers from the slt-1 coding region mutagenized animals. After several rounds of sib selection, animals and the C. elegans splice leader SL1. The 3Ј end of the slt-1 coding homozygous for the deletion were isolated and the deletion region was identified by RT-PCR using primers from the slt-1 coding breakpoints determined by sequencing both strands of a PCR prodregion and the 3Ј UTR. The slt-1 sequence was confirmed and its uct amplified from the mutant strain. genomic organization determined by aligning the cDNA with the The slt-1(tm307) in-frame deletion mutation was isolated as dereported genomic sequence from the C. elegans genome sequencscribed in Gengyo-Ando and Mitani (2000). The lesion in slt-1(tm307) ing consortium.
corresponds to a 1.1 kb deletion at the 5Ј end of the slt-1 gene. The slt-1(eh15) deletion allele was kindly provided by David slt-1 Expression Analysis Hughes and Alan Coulson at the C. elegans knockout consortium. A transcriptional slt-1::GFP fusion was constructed by cloning a A 2 kb deletion was identified near the 5Ј end of the slt-1 gene. Upon PCR fragment containing 4 kb of slt-1 upstream sequence and infurther examination, we determined that the larger 2 kb deletion was cluding the first two codons of the slt-1 gene into the BamHI/HindIII actually two deletions in the same locus: a 1.9 kb and an adjacent sites of the GFP expression vector pPD95.77 (generously provided 100 bp deletion. The deletion breakpoints were determined by seby Andrew Fire). The slt-1::GFP transgene was injected at 100 ng/l quencing both strands of a PCR product spanning the deletion from into lin-15(n765ts) X mutant animals using a lin-15(ϩ) plasmid at 50 the mutant strain. Animals homozygous for the slt-1(eh15) deletion ng/l as a coinjection marker (Huang et al., 1994) . Transformants also contained a duplication in the slt-1 gene, determined by Southwere maintained by selecting animals rescued for the lin-15 multivulern blotting to span Ͼ15 kb. Both duplicated copies had the 100 val phenotype. bp deletion (spanning nucleotides 28197 to 28294 in C26G2), but The slt-1::GFP transgene was integrated using trimethylpsoralen only one copy had the 1.9 kb deletion at this locus. The copy with and one integrant, kyIs174, was outcrossed twice against the wildonly the 100 bp deletion also contained a duplication of nucleotides type strain N2. Mapping of kyIs174 to chromosome V was performed 28300 to 28396 in C26G2 that began five nucleotides after the deleby analyzing linkage to visible markers.
tion. Both copies of slt-1 are mutant, as confirmed by both DNA sequence and RT-PCR analysis of slt-1 mRNA. No slt-1 mRNA was detected for the locus with the larger deletion. slt-1 mRNA was myo-3::SLT-1 Misexpression Analysis detected at the locus with the smaller deletion, sequenced, and The full-length slt-1 cDNA was cloned into the KpnI/SacI sites of found to include a frameshift so that the encoded protein would pPD96.52 (a gift from Andrew Fire), directly downstream of the end at amino acid 528 in the third LRR. myo-3 promoter. The myo-3::SLT-1 fusion gene was injected at 100ng/l into zbIs3 (mec-4::GFP) animals using a str-1::GFP plasmid at 50 ng/l as a coinjection marker. Transformants were maintained Microscopy by selecting animals expressing GFP in the AWB neurons. PhenoAnimals were mounted on 2% agarose pads in M9 buffer containing types resulting from this injection were assessed in variably mosaic 5 mM sodium azide and examined by fluorescence microscopy. animals that contained the myo-3::SLT-1 plasmid as unstable extraImages were captured using laser scanning confocal microscopy. chromosomal DNA. The myo-3::SLT-1 fusion gene was also injected For some figures, a stack of images were obtained using confocal at 500 ng/l into zdIs5 (mec-4::GFP) I; dpy-20(e1282) IV animals microscopy and projected into a single plane for presentation. using a dpy-20(ϩ) plasmid at 20 ng/l and a str-1::GFP plasmid at 5 ng/l as a coinjection marker. Transformants were maintained by Acknowledgments selecting animals rescued for the Dpy phenotype with GFP expression in the AWB neurons. The myo-3::SLT-1 transgene was inteWe thank Lucie Yang for assistance in scoring neuronal migrations; grated using trimethylpsoralen and one integrant, kyIs218, was furJen Zallen for isolating partial slt-1 cDNAs; Gian Garriga for advice ther characterized in these studies. 
